We demonstrate coherent control of single-photon absorption and reemission in a two-level cold atomic ensemble. This is achieved by interfering the incident single-photon wave packet with the emission (or scattering) wave. For a photon with an exponential growth waveform with a time constant equal to the excited-state lifetime, we observe that the single-photon emission probability during the absorption can be suppressed due to the perfect destructive interference. After the incident photon waveform is switched off, the absorbed photon is then reemitted to the same spatial mode as that of the incident photon with an efficiency of 20%. For a photon with an exponential decay waveform with the same time constant, both the absorption and reemission occur within the waveform duration. Our experimental results suggest that the absorption and emission of a single photon in a two-level atomic ensemble may possibly be manipulated by shaping its waveform in the time domain. DOI: 10.1103/PhysRevLett.109.263601 PACS numbers: 42.50.Nn, 03.65.Ta, 32.80.Qk, 42.50.Ct Photon absorption and emission are two key probes to study the light-matter quantum interaction, which lays down the foundations for atomic, molecular, and optical physics [1] [2] [3] . When a coherent optical pulse propagates through a medium, the absorption and emission can coherently modify its spectral components and lead to many interesting and important optical phenomena, such as attenuation, amplification, distortion, and slow and fast light effects [4] [5] [6] [7] [8] . For a single photon, causality requires that the absorption and reemission follow the right time order: the reemission can only occur following the absorption. Although this quantum time order has been observed as the antibunching effect in resonance fluorescence measured by two-photon correlations [9, 10] , it is not controllable on demand in these experiments. When a single photon enters a two-level atomic medium, the absorption and emission usually both occur within the photon pulse duration. Recently, Scully et al. proposed a scheme for observing directed ''spontaneous'' emission excited by a single photon [11] .
Photon absorption and emission are two key probes to study the light-matter quantum interaction, which lays down the foundations for atomic, molecular, and optical physics [1] [2] [3] . When a coherent optical pulse propagates through a medium, the absorption and emission can coherently modify its spectral components and lead to many interesting and important optical phenomena, such as attenuation, amplification, distortion, and slow and fast light effects [4] [5] [6] [7] [8] . For a single photon, causality requires that the absorption and reemission follow the right time order: the reemission can only occur following the absorption. Although this quantum time order has been observed as the antibunching effect in resonance fluorescence measured by two-photon correlations [9, 10] , it is not controllable on demand in these experiments. When a single photon enters a two-level atomic medium, the absorption and emission usually both occur within the photon pulse duration. Recently, Scully et al. proposed a scheme for observing directed ''spontaneous'' emission excited by a single photon [11] .
In this Letter, we demonstrate coherent control of singlephoton absorption and reemission in a two-level cold atomic ensemble in free space by shaping the singlephoton waveform. Making use of the destructive interference between the emission (or scattering) and the incident photon wave packet, we show that the probability of reemitting the photon during the absorption can be completely suppressed when the incident photon has an exponential growth waveform with a time constant equal to the excitedstate lifetime. The reemission process only starts after the incident photon waveform is switched off and thus can be controlled on demand. This technique can be used to efficiently excite atoms with a given single atom. Our result may have potential applications in the quantum networks that require efficient conversion between flying single-photon states and local atomic states [12] . Figure 1 illustrates the schematics of our modeled system. A single photon with an initial (single mode) wave packet c in passes through a two-level atomic ensemble with atom density N and length L. jgi and jei are the ground and excited states, respectively. Inside the atomic medium, this single photon with resonance frequency can be absorbed and reemitted. The elastically scattered (or reemitted) wave packet is denoted as c s . A detector is placed far away to measure single-photon count along the incident direction.
We describe our theory in the Heisenberg picture where the single-mode single-photon wave packet can be expressed as c in ðtÞ ¼ h0jÊðtÞjÉi. Here, j0i and jÉi are the vacuum and single-photon states, respectively.ÊðtÞ is the electric field operator. In this work, we are interested in the case where the single-photon scattering (into the same spatial mode as that of the incident photon) is completely suppressed by interfering with the incident wave packet. In this situation, the probability of finding an excited atom accumulates over time (due to the absorption), and thus the amplitude of stimulated electric dipole (operator) is proportional to the time integral of the photon waveform. In order to match their (c in and c s ) amplitudes for a complete destructive interference, it is required that the incident photon takes an exponential growth waveform. A number of theoretical papers have suggested that a single photon with the exponential growth waveform, which has a time constant equal to the excited-state lifetime, can be maximally absorbed and interacted with a single atom [13] [14] [15] [16] [17] . Following this, we take the incident single-photon field operator aŝ
where ! is the angular frequency of the photon that is on resonance to the two-level transition, c is the speed of light in vacuum, " 0 is the vacuum dielectric constant, A is the single-mode area, and is half of the population decay rate of the excited state jei.â 0 is the annihilation operator and satisfies ½â 0 ;â y 0 ¼ 1. ðÀtÞ is the Heaviside function. As t < 0, the atomic operator ge driven by the external field follows
where is the electric dipole matrix element. We work at the weak-coupling regime for a single atom, and the mode area A is sufficiently large so that the atoms most likely remain in the ground state. Under such a ground-state approximation ( gg À ee ' 1), we obtain ge ðtÞ ¼ i 4@Ê in ðtÞ and thus the induced electric dipole operator
In the optical thin regime, the radiation (or elastically scatted) field can be estimated aŝ
where the optical depth is defined as OD ¼ 0 L ¼ ðNk 2 LÞ=ð" 0 @Þ. Here, 0 is the on-resonance absorption coefficient.
As shown in Eq. (4), the strength of elastically scattered field (operator) is proportional to the input field but with a negative sign. At OD ¼ 4,Ê s ¼ ÀÊ in , and a complete destructive interference occurs. Equivalently, from the observer's viewpoint (the detector in Fig. 1 ), the photon is completely absorbed but not reemitted. The probability of finding an atom in the excited state accumulates, and the strength of the induced electric dipole in Eq. (3) grows exponentially, but the reemission (or scattering) into the same mode as that of the input photon is completely suppressed. As t > 0 after the incident photon wave packet is switched off, the interference turns off and the photon is then reemitted. Hence, the single-photon absorption and reemission processes are well separated in time. One can also understand this as a storage process: the photon quantum state is converted into the atomic state which is reemitted back to the photon in the same optical mode at a later time. This quantum storage process is induced by the single-photon self interference, which is different from the quantum memories based on electromagnetically induced transparency [18] [19] [20] .
In the above discussion, we solve the photon field perturbatively to get insight into the physics picture. We also performed a numerical simulation based on the linear dispersion theory, which more precisely predicts the complete destructive interference condition at an OD value of more than 6. This difference is mainly caused by the propagation and reabsorption ofÊ s inside the medium, which is not taken into account in the above simple firstorder perturbative analysis.
The experimental configuration we use to study the single-photon absorption and emission is illustrated in Fig. 2(a) . The setup is composed of two two-dimensional 85 Rb magneto-optical traps (MOT) with a length L ¼ 1:5 cm [21] . In MOT1, narrow-band paired Stokes (! s ) and anti-Stokes (! as ) photons are produced via the spontaneous four-wave mixing nonlinear process in the presence of counterpropagating pump (! p , 780 nm, 10 W) and coupling (! c , 795 nm, 1 mW) laser beams [22] . The pump laser is blue detuned by 60 MHz from j1i ! j4i transition, and the coupling laser is on resonance with the j2i ! j3i transition. Both the pump and coupling lasers have the same collimated beam diameter of 1.6 mm. The Stokes photons are coupled into a single-mode fiber (SMF) and detected by a single-photon counter D 1 . The anti-Stokes photons are coupled into and pass through a fiberconnected amplitude electro-optical modulator (EOM, EOspace, 10 GHz), which is driven by a waveform function generator (Tektronix AFG3252) triggered by the detection of Stokes photons. In this way, we are able to generate heralded single anti-Stokes photons with controllable waveforms [23] . Then the anti-Stokes photon propagates through a two-level cold atomic ensemble in MOT2 where all the atoms are prepared in the ground state jgi ¼ j1i. The anti-Stokes photon's single mode, with a 1=e 2 beam diameter of 245 m at the waist, is focused to the center of MOT2, coupled into another SMF, and detected by a second single-photon counter D 2 . The two-photon coincidence counts between the detectors D 1 and D 2 are recorded by a time-to-digit converter (Fast Comtec P7888). We run the experiment with a repetition rate of 600 Hz and a duty cycle of 30% [21] .
We first characterize the photon source. The OD of MOT1 in the anti-Stokes transition is maintained at 25. (1) is the heralded narrowband single-photon waveform without modulation; i.e., the EOM is fully open. The total measured coincidence counts are 133 476, corresponding to a photon pair detection rate of 148 pairs=s. Taking into account the detector quantum efficiency (50% each), fiber-fiber coupling efficiencies (70% at each MOT), EOM transmission (50%), filter efficiency (77% for Stokes channel and 76% for anti-Stokes channel), fiber connectors efficiency (81%), and the duty cycle, we estimate a generation rate of about 17 500 pairs=s from MOT1. The long temporal coherence time of more than 300 ns allows us to shape its waveform into predesigned shapes, such as the exponential growth and decay waveforms shown in plots (2) and (3). Thus, the spontaneous four-wave mixing nonlinear process in MOT1 and the EOM amplitude modulation prepare and provide heralded single anti-Stokes photons with desired waveforms, which is on resonance with the two-level transition in MOT2.
Following the previous discussion, we send the heralded anti-Stokes photons into the two-level atomic medium in MOT2. By driving the EOM with a feedback control, we obtained an exponential growth waveform with a time constant equal to 1=ð2Þ ¼ 26:5 ns for the incident antiStokes photons, as shown in Fig. 3(a) . Here, 2 ¼ 2 Â 6 MHz is the population decay rate in the excited state. At ¼ t 2 À t 1 ¼ 0, the waveform is switched off with a fall time of 3 ns. Since we use a SMF to collect the transmitted anti-Stokes photons, the scattering of the anti-Stokes photons through incoherent spontaneous emission into the detector D 2 is far below the noise level and can be neglected. Figure 3(b) shows the result at OD ¼ 3. At this modest OD, during the exponential growth period ( < 0), the photon waveform is only partially absorbed. After the incident photon is switched off at ¼ 0, this partially absorbed waveform is released (reemitted) following a exponential decay curve that is determined by the lifetime [1=ð2Þ] of the excited state. This exponential decay waveform is the free-induction decay induced by a single photon. This directional reemission efficiency, defined as the ratio of reemission to absorption, is 22%. As we increase Coincidence counts in 900s (1) is measured without the EOM modulation. Plots (2) and (3) are the exponential growth and decay waveforms shaped by the EOM, respectively.
the OD, the incident photon gets absorbed more heavily. At OD ¼ 8, as shown in Fig. 3(c) , the photon is completely absorbed and the probability in finding the reemitted photon at < 0 is nearly zero due to the destructive interference. As expected, at > 0, the interference between the incident waveform and the emission disappears, and we observe the reemitted photon. While in the previous simple theoretical analysis we expected the reemitted photon waveform to have the same amplitude as the incident photon, in the experiment we find the reemitted photon has a reduced amplitude and shorter temporal length. This is mainly caused by the finite fall time (3 ns) at the falling edge of the waveform as well as the reabsorption and propagation effects that have not been taken into account previously. The efficiency of this directional photon reemission is about 20%. The solid curves in (b) and (c) are obtained by using the frequency domain linear dispersion theory, and they agree with experiments very well. We further verify the single-photon quantum nature by measuring the conditional autocorrelation function g On the other side, a single photon with an exponential decay waveform behaves differently. As shown in Fig. 4(a) , the exponential decay waveform has the same time constant as that in the exponential growth case [ Fig. 3(a) ]. The transmitted waveforms after passing through the two-level atomic ensemble at OD ¼ 3 and 8 are shown in Figs. 4(b) and 4(c). It is obvious that the absorption and reemission both occur during the singlephoton pulse duration ( > 0), which leads to the waveform distortion. The measurement of the conditional autocorrelation functions, shown as the insets Figs. 4(d) and 4(e), confirm that both the incident and transmitted cases are single-photon waveforms.
In conclusion, we have studied the coherent interaction between a single photon and a two-level cold atomic ensemble, whose OD can be experimentally varied. We find that for a photon with an exponential growth waveform, the quantum interference between the incident wave packet and the scattering wave packet can be used to switch off the emission process on demand. As we turn off the interference, the absorbed photon can be reemitted into the same spatial mode as that of the incident wave. This is confirmed experimentally using narrow-band heralded single photons with controllable waveforms. At OD ¼ 8, we observe a well-defined time boundary ( ¼ 0) between the absorption and reemission processes. On the other side, a single photon with an exponential decay waveform behaves differently. Even at OD ¼ 8, there is no complete absorption, and the transmitted photon waveform is distorted. Our results confirm that the interaction between a single-photon wave packet and two-level atoms is a coherent process, even though there is no induced macroscopic electric dipole. We show that this coherent process can be manipulated by controlling the photon waveform in the time domain. Even though our experiment was performed in free space, the technique may be extended for cavity quantum electrodynamics [17, 25, 26] .
We recognize that the use of amplitude EOM in this work introduces unavoidable insertion loss and waveform shaping loss of single photons. This problem can be overcome using single photons with controlled temporal waveform produced directly from atom-cavity-based schemes [27, 28] . Other lossless single-photon shaping techniques may implement phase-frequency modulation [29] and dispersion compensation [30] . In a three-level atomic system (such as ectromagnetically induced transparency [6, 31] ) with an additional control laser field, a single photon with an arbitrary temporal profile can be captured efficiently by either a single atom strongly coupled inside an optical cavity [32, 33] or an atomic ensemble at a high OD in free space [34, 35] .
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